We have determined the structure of a PNA-DNA duplex to 1.7 Å resolution by multiplewavelength anomalous diffraction phasing method on a zinc derivative. This structure represents the first high-resolution 3D view of a hybrid duplex containing a contiguous chiral PNA strand with complete γ-backbone modification ("γPNA"). Unlike the achiral counterpart, which adopts a random-fold, this particular γPNA is already preorganized into a right-handed helix as a single strand. The new structure illustrates the unique characteristics of this modified PNA, possessing conformational flexibility while maintaining sufficient structural integrity to ultimately adopt the preferred P-helical conformation upon hybridization with DNA. The unusual structural adaptability found in the γPNA strand is crucial for enabling the accommodation of backbone modifications while constraining conformational states. In conjunction with NMR analysis characterizing the structures and substructures of the individual building blocks, these results provide unprecedented insights into how this new class of chiral γPNA is preorganized and stabilized, before and after hybridization with a cDNA strand. Such knowledge is crucial for the future design and development of PNA for applications in biology, biotechnology, and medicine.
Introduction
Synthetic chemistry has played a crucial role in advancing the field of biology, biotechnology, and medicine in the past several decades, with particular impact in the area of nucleic acid recognition. With the human genome 1,2 and the genomes of many biomedically relevant organisms completely sequenced, 3 along with the unprecedented scale of biological and biomedical research being conducted where many novel genes, and gene products and regulatory elements are being discovered at an incredibly rapid pace, [4] [5] [6] [7] [8] there is an urgent need to develop molecules that can recognize and bind to these nucleic acid targets in a sequence-specific manner. Such molecules could be developed into a wide range of applications, from molecular tools for probing and manipulating nucleic acid structures and functions, and regulation of gene expression, to therapeutic and diagnostic reagents for the treatment and detection of genetic diseases. Natural oligonucleotides comprised of a sugar phosphodiester backbone, such as DNA and RNA, could be employed for this purpose; however, they are not ideally suited for many of these in vivo applications due to their susceptibility to degradation by nucleases. To overcome this deficiency, much of the effort to date has been focused on the design and development of nucleic acid mimics that can withstand such enzymatic degradation in the cellular milieu. As a result, a large collection of such a class of oligonucleotides have been developed, 9-12 but like their natural counterparts they are not cell permeable. Poor cellular uptake along with other issues, including nonspecific binding and cytoxicity, have been the source of frustration and unreliability in many antisense and antigene applications. 13 From that standpoint, it is important to be able to modify the structures and chemical functionalities of these reagents further, with ease and flexibility, so that their † University of Pittsburgh Medical School. ‡ Carnegie Mellon University. § Pittsburgh Supercomputing Center. physical attributes could be selectively tuned to meet the applications in-hands.
One such promising class of nucleic acid mimics developed in the last two decades is the peptide nucleic acid (PNA).
14 PNA differs from most nucleic acid mimics in that it contains an entirely redesigned backbone skeleton, consisting of N-(2-aminoethyl)glycine instead of the usual sugar phosphodiester backbone (Figure 1 ). The charge-neutral backbone allows PNA to hybridize to cDNA or RNA strand with high affinity, 15 while the unnatural polyamide linkage enables PNA to evade recognition and degradation by proteases and nucleases. 16 These properties make PNA an attractive reagent for numerous applications in biology and medicine. 17 Among its other appealing attributes include the ease and flexibility of synthesis because of the acyclic and achiral backbone. The structure of PNA can be easily modified, unlike many other classes of nucleic acid mimics developed to date, which are highly constrained and already embedded with numerous stereogenic centers.
9,10,12 So far, a large number of structural modifications have been made to the backbone of PNA.
18-23 Among these, changes at the γ-position show the most promise because of the simplicity and flexibility of synthesis, and the benefits that they confer on the hybridization properties of PNA.
24-33
Recently, we showed that PNA, which, as an individual strand does not have a well-defined conformation, can be preorganized into either a right-handed or a left-handed helix by installing a stereogenic center at the γ-backbone position. 31 That derived from D-amino acids adopts a left-handed helix, while that derived from L-amino acids adopts a right-handed helix; however, only the right-handed helical PNA is able to hybridize to DNA or RNA with high affinity and sequence selectivity.
31
To the best of our knowledge, γPNA is the only class of oligonucleotide currently developed capabilities of invading mixed-sequence double helical B-form DNA (B-DNA) without requiring "tail-clamp" anchoring 34, 35 or simultaneous binding to both strands of the DNA double helix, 36 with the recognition occurring via canonical Watson-Crick (WC) base-pairing. 37, 38 The fact that any chemical group can be installed at this position, and that the synthesis can be accomplished in a few simple steps from commercially available and relatively inexpensive L-amino acids, provides an even greater impetus for exploring the structure-function relationship of PNA at the γ-backbone position. Understanding the molecular principles that govern the structural organization and binding properties of γPNA is an important first step toward developing a more effective nucleic acid platform for targeting DNA and RNA. Towards this effort, we describe the crystal structure of a γPNA-DNA duplex, solved and refined to 1.7 Å resolution along with NMR analysis of the individual building blocks. The results yield insights into structural determinants that direct the helical folding of γPNA and improve the thermodynamic stability of the bound complex.
Results
We present the crystal structure of a uniquely preorganized γPNA-DNA duplex, containing a chiral PNA strand with complete γ-backbone modification, which, as an individual strand, is already preorganized into a right-handed helical structure (Figures 1 and S1 , Supporting Information). 31 The duplex structure was solved through a three-wavelength zinc anomalous phasing approach with the parameters shown in Table 1 ; ab initio phasing was required as initial molecular replacement (MR) trials using various duplex PNA, B-DNA, and PNA-DNA search models did not yield promising solutions. Comparison of the refined hybrid γPNA-DNA with PNA-DNA duplex structures shows rmsd differences of over 3 Å, with the lowest rmsd values of 1.5 Å, explaining the lack of convergence during MR attempts. These structural differences and new structural features are further elaborated below. Overall, the crystal packing of neighboring γPNA-DNA duplexes is organized orthogonally and propagated along the b and c crystallographic axis leading to two networks of packing interactions that create unusually large cavities, resulting in a solvent content of ∼63% (Figure S2a-c) . These packing interactions may reflect the rigidity of the helices that originates from γ-backbone modification on the PNA strand.
Overall Structure. The γPNA-DNA duplex forms a righthanded helix with a helical twist of 23.6 Å, a rise of 3.1 Å, and a pitch of 15 base-pairs per turn. These values were based on the average of two structures (Table 2) . Two duplexes were found within the asymmetric unit, related by a noncrystallographic (NCS) 2-fold axis of rotation, with the duplexes differing mainly at the terminal residues, which could be attributed to end-fraying ( Figure S2d ). Structural differences between the two duplexes in the asymmetric unit are more pronounced in the γPNA than in the DNA strand, corresponding to a translational shift of ∼1.5 Å away from the helical axis of the γPNA strand and encompassing the terminal three bases. In the γPNA-DNA duplex, the carbonyl oxygens of the peptide backbone project outward toward the solvent, while those in the bridge that connect the backbone to the nucleobase point toward the C-terminus (Figure 2a and b) . The (S)-Me groups at the γ-positions also point toward the solvent, confirming the result obtained from molecular modeling by Appella and co-workers, 32 but are in a trans configuration to the carbonyl oxygens in the backbone. Overall, the structure adopts a P-form helix, with greater resemblance to A-form than B-form DNA (Tables  S2-4) . Of the four lysine residues in the two duplexes in the asymmetric unit, which were added to improve water solubility, two could be resolved in the electron density maps, both of which reside at the C-terminus. Flexibility of the long lysine side-chains and lack of intra-or interstrand interactions to limit their conformational states may explain why the other two lysines cannot be resolved in the electron density maps. Particularly interesting is the finding of periodic and well-defined water bridges that connect the base to the backbone in the γPNA strand, possibly providing a structural explanation to the enhanced stabilization found in this preorganized duplex structure, as described below. Interstrand Interactions. Classical Watson-Crick (W-C) base-pairing interactions are found in the γPNA-DNA duplex, which form a right-handed helix. Representative electron densities and hydrogen-bonding interactions are shown in Figure  2c . The base-pair stacking pattern closely resembles that of an A-form DNA, with the base-pairs stacked nearly perpendicular to the helical and crystallographic axes (mean base-tilt 0.3°and 2.3°). A continuous base-pair stacking is observed throughout the helix, continuing from the termini to the next asymmetric unit. The DNA residue dC10 is stacked with the symmetry related DNA strand residue dA1 (d refers to DNA strand, 5′-end corresponds to position 1), and γPNA residue Gp1 (p refers to γPNA strand, N-terminus corresponds to position 1) is stacked with the symmetry related γPNA strand residue Tp10. The packing interactions lead to formation of large cavities ∼20 Å in diameter along the helical axis with a base-pair x-displacement of -5.5/-6.2 Å (Table 1S) , resulting in a wide and deep major groove and a narrow and shallow minor groove. The helical parameters for the γPNA strands are similar to those previously reported for the RPNA-DNA duplex (Tables 2 and S5 ).
39
Hydration, Cation Interactions, and Structural Stabilization. The asymmetric unit contains 257 water molecules, many of which are first hydration-shell waters, ordered and welldefined, and may be responsible for providing additional stabilization to the γPNA-DNA duplex. We have classified the water molecules according to their interactions with the γPNA and DNA strands in the duplex. The "PNA water bridges" connect the backbone amide to the adjacent N-terminal nucleobase in the γPNA strand. Although bridging waters have been found in other nucleic acid structures, 39, 42, 44, 46 they are unique in this case because they are found at every base of the γPNA strand (Figure 3 ), likely leading to enhanced conformational stabilization augmented through formation of hydrogenbonding interactions. These water bridges directly connect the backbone amide NH to N3 of the purine or O2 of the pyrimidine nucleobase. The second "DNA water bridges" are involved in interactions with the DNA backbone, bridging the oxygen atoms in the phosphate backbone to the adjacent nitrogen atom of the nucleobase (data not shown). In addition to water bridges, we found zinc atoms coordinating the ribose phosphate groups and the γPNA nucleobases, located near N7 of the dG bases of the DNA moiety ( Figure S3 ). The extensive interactions observed in the structure and inability to grow diffracting γPNA-DNA crystals in the absence of zinc metals suggest that these ions play a crucial role in enhancing lattice interactions, a feature that could potentially be exploited in structural determinations of other γPNA complexes. The locations of the zinc ions are central to the two duplexes in the asymmetric unit, assembling these molecules into an intertwined dimer approximating an "X" shape. We ruled out the possibility of Zn 2+ perturbing the structure of the duplex by performing CD and UV-melting experiments with and without Zn 2+ . Our result showed that the CD profiles of the two samples are virtually identical to one another ( Figure S4a ), indicating that Zn 2+ does not interfere with the structure of γPNA-DNA double helix. The melting transitions (T m 's) of the duplex are ∼10°C lower with divalent cations Mg 2+ and Zn 2+ as compared to that with monovalent Na + ( Figure S4b) . A similar finding has been reported for PNA-DNA. 50 The difference in the T m 's can be explained in terms of counterion release upon hybridization of PNA (or γPNA in this case) to DNA in contrast to counterion association observed with formation of DNA duplex.
Helical Preorganization. Stabilization through introduction of chiral center at the γ-backbone position of PNA has been reported, 27,28,31,51 with introduction of each chiral unit resulting in an increase in the T m of the PNA-DNA duplex by ∼3°C and PNA-RNA by ∼2°C. The basis for this highly enhanced thermal stabilization can now be further understood from analysis of the collective structural results. We had previously determined the solution structure of the single-strand CT γPNA dimer by NMR. 31 Comparison of γPNA strands from the current γPNA-DNA duplex to single-strand CT γPNA dimer reveals that the γPNA strands are structurally similar to one another in three aspects: backbone arrangement, carboxymethylene bridge projection, and nucleobase orientation (Figure 4) . In both the duplex and the single-strand forms, the (S)-Me group at the γ-position is in a trans configuration with the bridge, which, in turn, is in trans with the backbone carbonyl oxygen within the same unit. The striking similarities between the two structures, in both the bound and the unbound states, suggest that the molecular interactions that direct the folding of the hybrid duplex also direct the folding of the individual γPNA strands.
Structural Organization of Individual Building Blocks.
To determine the origin of helical induction, whether conformational preorganization of γPNA occurs as the result of oligomerization due to base-stacking or is intrinsic to the individual building blocks, we determined the solution structures of a series of γPNA monomers. A total of four monomers, containing glycine (unmodified), L-alanine, L-valine, and L-isoleucine amino acid side-chain at the γ-backbone position, were examined. These amino acid side-chains, which are incremental in size, were specifically designed to test the effect of steric crowding at the γ-position on the conformation of monomers. Structural assignments were made on the basis of the following NMR experiments: 1D 1 H NMR, phase-sensitive double quantum filtered COSY (DQFCOSYPH), rotating frame Overhauser spectroscopy (ROESY), and 1 H, 13 C-heteronuclear singlequantum correlation spectroscopy (HSQC), with the results shown in Figure S5 and Table S6 . These experiments were necessary to better resolve the resonances of the proton signals in the 3-5 ppm regions of the spectra due to the complexity of the system caused by formation of rotamers. Our data revealed Crystal Structure of Chiral γPNAthat glycine and alanine monomers do not have a preferred conformation, apparent from the average 3 J-coupling constants of ∼6-7 Hz involving protons H-2, H-3a, and H-3b ( Figure 5 , Table S6 ). Such degeneracy in the coupling constants would only occur if there is free rotation around the C2-C3 bond. On the other hand, valine and isoleucine monomers showed nonaverage coupling constants, with values consistent with the Karplus relationship of 3 J-coupling as a function of the dihedral angle between H-2, H-3a, and H-3b (Figure 6) . 5, 6 The signals corresponding to protons H-3a and H-3b appeared as the AB part of an ABX system, where X corresponds to proton H-2. The A component (H-3a) appeared as a doublet of doublets of ∼13-15 and ∼3 Hz, and the B component (H-3b) appeared as a doublet of doublets of ∼13-15 and ∼10 Hz. The ∼10 Hz coupling constant corresponds to a trans diaxial relationship (180°) between H-3b and H-2, and the ∼3 Hz coupling constant corresponds to an equatorial to axial relationship (+60°) between H-3a and H-2, in agreement with the Karplus relationship. The ∼13-15 Hz coupling constant corresponds to the germinal coupling ( 2 J) between H-3a and H-3b. In this case, the rotation around C2-C3 bond is restricted, presumably due to the large isopropyl and sec-butyl side-chain of valine and isoleucine, respectively. The fact that the alanine monomers do not have a preferred conformation as individual units but that they do when covalently linked together into an oligomer suggests that basestacking between adjacent units plays an important role in determining the helical sense as well as in stabilizing the conformation of the helix. The extent of base-stacking between individual units is not known, but it must be sufficiently large to stabilize a CT dimer, as observed in our earlier work.
31
Origin of Structural Organization in γPNA Monomers. To further pinpoint the source of structural organization in monomers, we prepared several substructures of the isoleucine building block in which the thymine nucleobase, carboxymethylene linker, and Boc protecting group were systematically removed and determined their solution structures using the same set of NMR experiments mentioned in the previous section. The complete structural assignments are shown in Figure S6 and Table S7 . To our surprise, we found that in all of the precursors, even the one without the nucleobase, linker and Boc protecting group still retained structural features. This is reflected in the nonaverage splitting patterns of the H-2, and H-3a and H-3b proton system (Figure 7) . To rule out the possibility of structural organization occurring as the result of solvent effect, with the sample prepared in DMSO-d 6 , we also performed the experiments in D 2 O. The 1 H NMR proton signals for the isoleucine substructure without the nucleobase and carboxymethylene linker in D 2 O are similar to those observed in DMSO-d 6 ( Figure  S7 ), indicating that structural organization is independent of solvent in this case. These results show that installation of a bulky, sec-butyl side-chain at the γ-backbone position can lock the isoleucine substructure in a specific conformation. Structural preference in this case does not depend on the nucleobase, carboxymethylene linker, or Boc protecting group, because their removal had no affect on the ability of corresponding substructure to adopt a preferred conformation.
Discussion
In recent years, our understanding of PNA interactions with DNA, RNA, and PNA has improved considerably as the result of atomic resolution structural studies via X-ray and NMR. However, to date, only a limited number of such structures have been solved; these include the structures of two PNA-DNA, 39, 40 one PNA-RNA, 52 one PNA 2 -DNA, 41 and five PNA-PNA complexes. 42, 44, 46, 53, 54 Of the two PNA-DNA duplexes, only one contained PNA backbone modifications, and it was made at the R-rather than at the γ-position. 39 Correlating the influence of specific chemical modifications made in the backbone of PNA to conformational organization and recognition properties provides insights for rational design of PNA. The PNA under study contains a new chiral backbone, which distinguishes it from the previously characterized PNAs. The modified PNA backbone, (S)-N-(2-aminopropyl)glycine, has an additional methyl group at the γ-position (Figure 1 ). These chiral γPNAs are relatively facile to prepare, and, once synthesized, they are preorganized into a right-handed helix, with the characteristic profile similar to that of a corresponding γPNA-DNA hybrid duplex ( Figure S1 ). These helical γPNAs exhibit high binding affinity and sequence selectivity for DNA, RNA, and γPNA, and are able to invade mixed-sequence double helical B-DNA at physiological temperature, 37,38,51 a feat that cannot be accomplished with classical PNA containing natural nucleobases. Obtaining a three-dimensional structure of such a γPNA-DNA duplex is valuable because it yields information not only about the molecular interactions that stabilize the double helix but also insights into how such interactions may direct the helical folding of the individual γPNA strands. It should be pointed out that γPNAs are not the only acylic, chiral PNA oligomers that adopt helical motifs as individual strands. Sforza and co-workers 55 showed that PNAs containing R-backbone modifications also adopt a helical motif, but generally the stability of the helix is weaker for RPNAs than for γPNAs, as inferred from the amplitude of the CD signals, which closely correlates with the extent of base-stacking. Likewise, singlestranded DNA and RNA molecules have also been shown to adopt a preferred helical conformation, [56] [57] [58] [59] [60] but they are structurally more rigid and contain more chiral centers than γPNA.
Usually, hybridization of PNA to DNA, RNA, or PNA results in the formation of a duplex structure with helical parameters that differ from those of the canonical A-and B-forms, named the P-form. 41 The P-form helical motif has a significant x-displacement, a small twist angle, and a wide and deep major groove. The helical parameters for the current structure fall within this category, with x-displacement of -5.5/-6.3 Å, a small twist angle of 23.9/23.3°, and a wide and deep major groove. The γPNA-DNA duplex, accommodating 15 base-pairs per turn, is underwound as compared to B-DNA, which has 10 base-pairs per turn. Thus, the P-form is the preferred conformation of PNA in the duplex (Table 2 ). The conformations of the PNA strand, with and without γ-backbone modification, differ considerably from one another in backbone torsion angles (Table  S5) . 40 These changes reflect the addition of the methyl group at the γ-position. Despite these differences, however, the overall topological features align with those of the P-form, indicating that this motif can accommodate a range of geometrical modifications. This aspect may be considered from two completely opposite points of view: first as a proof of the high flexibility of the PNA backbone skeleton, which can accommodate such structural modification, and, second, as a proof of the "constrained flexibility" of PNA's overall conformation because the P-helical form is conserved. The latter is supported by the fact that γPNA-DNA adopts a structure that is intermediate between the A-and B-form DNA, similar to the structure of E-DNA 61, 62 and DNA with a peculiar G 3 C 3 track, 63 indicating that DNA accommodates the PNA exigencies. This is why the observed DNA backbone variations are more pronounced. The changes in the DNA backbone torsion angles, relative to the two other PNA-DNA crystal structures, 39, 40 yield values closer to the A-type DNA (Table S2) . Additionally, the γ (O5′-C5′-C4′-C3′) torsion angle values are somewhat different, a fact that is related to the observed variation in the sugar ring puckering. In one of the strands, most of the sugar rings adopt the C3′-endo conformation (Table S3 ). In the second DNA strand, the sugar puckering is more evenly distributed (Table S4 ). These structural results reveal that PNA strand functions as the template in driving the ultimate topological conformation of the γPNA-DNA hybrid duplex. The specific molecular interactions found and characterized in this structure are fundamental to the future design of PNA for biological and biomedical applications.
A significant number of solvent water molecules are involved in structural stabilization. In both γPNA strands, a water molecule bridges the amide NH to the nucleobase N or O atom. In this structure, all such available positions are occupied by water molecules or Mg 2+ ions from the crystallization conditions (Figure 3a) . In contrast to other reported PNA structures, full occupancy of these sites via water bridges is not consistently achieved. This can be explained by the relative stability of the backbone as all of the carbonyl oxygens of the carboxymethyl moieties point toward the C-terminal direction of the γPNA backbone, while the backbone carbonyl groups project outward toward the solvent. The behavior of the carboxymethyl moiety is similar in all of the reported PNAs, but the classical backbone conformation seems to possess more flexibility as the backbone NH and carbonyl oxygens may swap positions. 39, 42, 44, 46 In the latter case, the bridging hydrogen-bonding interactions between backbone CdO · · · water · · · nucleobase (N or O) appears to be entropically less favorable, and the bridging water site may remain unoccupied. Consequently, the role of the water molecules structurally incorporated in the γPNA strand seems important for its stabilization. One could envision the use of these water sites for optimizing γPNA stability, through enhancement of the tricentered "backbone · · · water · · · nucleobase" bonding interactions. This could be achieved by replacing the water molecules with ions or through the design of a new backbone with altered acceptor/donor groups. Inversely, the PNA flexibility may also be affected by preventing the tricentered interactions, as described above. The rigidity induced by the γ-methyl group leads to an overall structural propensity that is propagated through the particular intermolecular lattice packing interactions seen in the crystal.
While the N3/O2 atoms of the nucleobases are involved in key "backbone · · · water · · · nucleobase" stabilization bridges, the remaining donors and acceptors from the nucleobase and backbone of γPNA strands form hydrogen bonds with the surrounding solvent molecules (Figure 3b) . Depending on the number of available sites, one or two water molecules are involved in this γPNA-solvent interaction. If packing interac-tions prevent the inclusion of a higher number of water molecules, the only available water acts simultaneously as donor and acceptor (the two cases are illustrated through water · · · adenine interaction in Figure 3b ). All backbone carbonyl groups of γPNA strands are also hydrogen bonded to solvent water molecules or Mg 2+ ions, and thus the backbone flexibility is additionally restricted. Even the oxygens from the carboxymethylene bridges participate in the structure stabilization. The γPNA strands, although generally considered as hydrophobic, are strongly involved in hydrogen-bonding interactions with the surrounding water molecules.
Even though individual contribution resulting from the nonbridging γPNA-solvent interactions may not be as significant for overall structural stabilization as those incorporated within the γPNA strands, the additive effects may be quite substantial. Modifying solvation effects introduces another means of enhancing PNA solubility, by targeting sufficient backbone modifications while balancing the preservation of crucial WC nucleobase interactions. Beyond the first and second hydration shells, the remaining bulk waters are distributed with a higher fraction located near the backbone of the DNA strands. These water molecules bridge to the backbone phosphates. Even though these water molecules indirectly interact with the duplex, they contribute to structural fidelity by forming an extensive solvation network. Intriguingly, despite the importance of water associations in stabilizing DNA, the distinct and periodic water interactions found around the γPNA strand are less pronounced around the DNA strand, further highlighting the unique role that waters may play in conformational stabilization of γPNA.
γPNAs in the single-strand (determined by NMR) and in the hybrid duplex form (determined by X-ray crystallography) adopt a strikingly similar conformation (Figure 4) . Superposition of their structures reveals that, in both cases, the carboxymethylene bridge that connects the backbone to the nucleobase is in a trans configuration with the methyl group at the γ-position of the same unit, which, in turn, is in trans with the backbone carbonyl oxygen of the adjacent N-terminal unit. The main differences between the two structures are the arrangement of the backbone carbonyl oxygens and the nucleobases. In the single-strand form, the carbonyl oxygens are projected further away from the helix, while the nucleobases slide closer underneath one another. This could be the result of base-stacking, which would give singlestrand γPNA a more efficient π-π interaction. A slight shift of the nucleobases toward the backbone may cause the backbone carbonyl oxygens to slide away from the helix to minimize the steric and/or electrostatic repulsion with the carbonyl oxygens in the bridge. We suggested in our previous study that the helical sense of γPNA is determined by the configuration of the chemical group at the γ-position. 31 In this case, the Sconfiguration prefers a right-handed helix because the methyl group at this position favors a trans diaxial relationship with N4′ to minimize steric clash. A left-handed helix would force the two groups to be in a gauche configuration, which is highly unfavorable. The energy difference between the two states is estimated to be in the range of 3-4 kcal/mol, corresponding to greater than 99% of the population existing in one helical sense. 31 Energy minimizations of the backbone subunits using the molecular mechanics force field MMX in HyperChem revealed molecular arrangements similar to those found in the X-ray and NMR structures (Figure 8 ). These results confirm our previous modeling study, which suggested that helical induction occurs as the result of steric clash between the methyl group at the γ-position and N4′, which determines the helical sense of the oligomer (Figure 8b-d) . This interpretation, however, is in reference to the oligomer. As individual units, alanine monomers do not have a preferred conformation, apparent from the degeneracy in the 3 J-coupling constants involving protons H-2, H-3a, and H-3b ( Figure 5 , Table S6 ). The fact that they adopt a helical motif when conjugated into an oligomer indicates that base-stacking between adjacent units plays an important role in determining the helical sense of γPNA as well as in stabilizing the helical motif. Monomers containing valine and isoleucine side-chain, on the other hand, have defined conformations as individual units, presumably due to the large isopropyl and sec-butyl group at the γ-position that prevent the backbone from freely rotating around the C2-C3 bond. The steric clash that prevents this rotation must be between the substituent at the C-2′ (γ-position) and N4′, because removal of the nucleobase, carboxymethelene linker, or Boc protecting group had no effect on structural organization. To rule out the possibility of structural organization occurring as the result of solvent effect, specific to DMSO, we also performed the experiment in D 2 O. In both cases, nondegeneracy in the coupling constants of protons H-2, H-3a, and H-3b was observed ( Figure  S7 ), indicating that structural organization is an intrinsic property of this particular class of molecules and not the result of solvent effect. Our analyses of the structures of the individual building blocks by solution NMR and the oligomers by X-ray crystallography suggest an additional layer for fine-tuning the rigidity of the γPNA backbone, and thus the hybridization properties, by varying the degree of steric crowding of the chemical group at the γ-backbone position, as demonstrated with the isopropyl and sec-butyl side-chains.
Overall, our results indicate that the helical sense of γPNA, whether it adopts a right-handed or left-handed helix, is determined by the steric clash between the substituent at C-2′ and N4′. Once seeded, the helical induction propagates from the C-to N-terminus in a cooperative fashion constrained by a series of steric clashes in the backbone and between the backbone and the nucleobase, followed by base-stacking that stabilizes the helix. The unidirectionality of the helical induction has been experimentally determined in our recent study. 31 The γ-C2′ prefers a trans diaxial relationship with the backbone carbonyl oxygen of the adjacent N-terminal unit, which, in turn, prefers a similar trans diaxial conformation with the methylene bridge within the same unit (Figure 8b-d) . The reverse, N-to C-terminal, helical induction does not occur because of the free rotation around the C2-C3 bond in the N-terminal γPNA unit. The rotation around this bond is restricted when the γPNA unit is placed at the adjacent C-terminal position. Once formed, the helix remains relatively stable even at temperature as high as 80°C, inferred from temperature-dependent CD measurements ( Figure S1a, inset) .
Helical motifs are ubiquitous in nature. They are found in the secondary structures of peptides and nucleic acids, such as R-helical peptides and double helical DNA, and in the tertiary and quarternary structures of proteins, such as collagens, microtubules, and coating proteins of certain viruses, as well in a large variety of non-natural systems. 64, 65 While a great deal has been learned about these systems, it remains a challenge to design new classes of biopolymers that would fold into a specific helical motif and contain the appropriate chemical functionalities needed to carry out a specific biological function. Although PNAs are hybrids of peptides and nucleic acids, comprised of peptide-like backbone and nucleic acids' nucleobases, they are structurally closer to peptides than they are to nucleic acids because of their acyclic backbone, and ease and flexibility of synthesis. Like peptides, just about any chemical group can be installed in the backbone, in particular, at the γ-position, allowing further selective tuning of their physical properties. Yet unlike peptides, PNAs contain nucleobases, which allow them to interact with one another in a sequence-specific and predictable manner in accordance with the Watson-Crick basepairing rules. Molecules with such capabilities are valuable for biological and biomedical research and development, and for molecular engineering. [66] [67] [68] [69] Perhaps the greatest asset of γPNAs is their ability to recognize double-stranded DNA through strand invasion, with the recognition occurring via Watson-Crick base-pairing. 37, 38, 51 The generality and specificity of their recognition along with the ease and flexibility of synthesis make γPNAs an attractive class of antigene reagents, as molecular tools for basic research as well as therapeutic and diagnostic reagents for the treatment and detection of genetic diseases.
Conclusion
The present results provide insights into how the structure of γPNA-DNA hybrid duplex influences the hybridization process, with emphasis on the introduced chiral γ-backbone modification. Installation of the chiral center at the γ-position forces the PNA backbone to adopt either a right-handed or a left-handed helix, depending on the stereochemistry as a result of steric clash between substituent at the C-2′ position and N4′. The helix is stabilized by sequential base-stacking, reinforced by the water spines that specifically bridge amide backbone with the adjacent N-terminus nucleobase. The chirality in the backbone is not competing with the preferred P-helical motif of PNA. These results agree with both the "constrained flexibility" concept for PNA, the suggestion that DNA is more flexible and adopts the PNA exigencies, and the high adaptability of the PNA backbone, in that it can accommodate chiral centers and a variety of chemical functionalities. Our structure provides a first glimpse into how single-stranded γPNAs are organized into helical motifs, and how helical sense is determined and propagated in a unidirectional fashion from C-to N-terminus. Such insights augment our chemical and structural knowledge to enhance the rational design of molecular "foldamers", with precise helical conformations and chemical functionalities In addition to backbone steric constraints, the preferential configuration can be attributed to base-stacking coupled to geometrical restrictions centered at the chiral carbon, and these additively stabilize the helix. The nucleobases are omitted in the energy minimized structures for clarity, with emphasis on the backbone.
